Abstract Children with congenital heart disease (CHD) have associated extracardiac co-morbidities at the time of surgery and during ongoing growth and development. Perioperative events include disrupted glucose homeostasis, capillary leak, and fluid retention. The hypothalamicpituitary-adrenal (HPA) axis has an important role in homeostasis in that the secretion of cortisol contributes to the response to stress, glucose regulation, blood volume control, and immune regulation. We investigated the diurnal rhythm of the HPA axis in infants with CHD by measuring salivary cortisol in the morning (0600-0900 hcircadian peak) and evening (2100-2400 h-circadian nadir). Twenty-nine infants aged 12 weeks to 1 year were included: 16 with acyanotic disease (SpO 2 C 90 %) and 13 with cyanotic disease (SpO2 \ 90 %). Morning salivary cortisol was similar between the two groups [acyanotic 7.0 nmol/L (1.8-23.1); cyanotic 9.7 nmol/L (0.9-15.6); p = 0.68]. Evening salivary cortisol was similar between the two groups [acyanotic 0.9 nmol/L (0.2-8.5); cyanotic 1.4 nmol/L (0.5-14.9); p = 0.32]. Both cyanotic and acyanotic groups demonstrated an intact diurnal rhythm. In conclusion, chronic hypoxia secondary to cyanotic CHD does not affect the circadian rhythm of the HPA axis. By 12 weeks of age, infants with hypoxia secondary to cyanotic CHD have a normal cortisol diurnal rhythm.
Introduction
The incidence of cyanotic congenital heart defects is approximately 1,400 per million live births [1] . Postoperative events following congenital heart surgery with cardiopulmonary bypass can include disrupted glucose homeostasis, capillary leak, fluid retention, and infection [2] . With advances in surgical and medical management, the number of infants surviving through childhood has improved [3] . However, these children may develop morbidities including growth failure and cognitive delays, which are both more pronounced in children with cyanotic congenital heart disease [4] [5] [6] [7] .
The hypothalamic-pituitary-adrenal (HPA) axis has a critical role in homeostasis. With cortisol as its principal end product, the HPA axis participates in the response to stress, glucose regulation, blood volume and pressure control, and immune regulation. An adequate response of the HPA axis is important in the adaptation to hypoxia [8] .
Sustained increases in cortisol levels can affect multiple organ systems. Hypertension is common in individuals with hypercortisolism, and may lead to progressive heart failure. Increased cortisol can suppress immune function and increase susceptibility to infections. In children with increased cortisol, growth hormone secretion and linear growth are impaired, leading to short stature. Other effects can include hyperglycemia and osteoporosis [9] .
An increase in endogenous glucocorticoid production from the adrenal cortex has been found during hypoxia in animal models of cyanotic heart disease [10] [11] [12] [13] [14] [15] . Understanding the effect that hypoxia has on the HPA axis may lead to a better understanding of the response of cyanotic children to stressors like surgery and illness, and may also suggest ways to improve therapy.
In healthy infants, the circadian rhythm of the HPA axis, as assessed by measuring salivary cortisol in the morning and evening, is established and maintained as early as 8 weeks of age [16] . The measurement of salivary cortisol has been extensively validated as a highly reliable and reproducible surrogate for biologically active serum free cortisol [17] [18] [19] . Therefore, the current study measured salivary cortisol at the circadian nadir and peak in infants between 3 months and 1 year of age with hypoxia secondary to cyanotic heart disease compared to a group with acyanotic heart disease. We hypothesized that hypoxia disrupts the normal rhythm of the HPA axis and causes an increase in salivary cortisol levels.
Materials and methods
This is a prospective observational study of patients with congenital heart disease treated at the Children's Hospital of Wisconsin. The Institutional Review Board approved this study and written informed parental consent was obtained. Infants between 12 weeks and 1 year of age with acyanotic and cyanotic congenital heart disease were eligible for entry into this study. Cyanosis was defined as arterial saturation measured by pulse oximetry (SpO 2 ) less than 90 %; acyanotic patients had SpO 2 greater than or equal to 90 %. Infants were excluded if they had known endocrine dysfunction, if they received any type of steroid therapy from 2 weeks prior to obtaining informed consent to the day of sampling, if the primary cardiologist advised that the patient not be approached, or if parents were nonEnglish speaking due to inability to obtain informed consent.
To minimize exogenous stress, saliva samples were collected by parents at home and returned for analysis by postal service. This method of obtaining samples has been shown to be highly reliable with no loss of cortisol in the sample [20] . Saliva was sampled just before feeding or not less than 1 h after the previous feeding. Saliva samples were collected from the floor of the mouth using Sorbettes (WECK-CEL, Waltham, MA). Two samples were collected from each subject: one between 0600-0900 h. (circadian peak) and another between 2100-2400 h. (circadian nadir). Salivary cortisol concentration was measured using an enzyme immunoassay [21] .
Clinical data were collected through chart review and included age, sex, weight, length, arterial saturations measured by pulse oximetry, cardiac diagnosis, current and previous medications, and surgical history.
Statistical analysis was performed with Fisher exact test to compare categorical variables. Mann-Whitney test was performed to compare continuous variables. A p value of \0.05 was considered significant.
Results
Forty-eight patients qualified for inclusion in this study (Fig. 1) . Five patients declined participation and three were excluded at the suggestion of the primary cardiologist who deemed the patient a poor candidate for study due to complicated medical care. After obtaining informed consent, 40 subjects were enrolled (acyanotic n = 24; cyanotic n = 16). Samples from 11 subjects (8 acyanotic and 3 cyanotic) were not analyzed. Of the 8 acyanotic subjects, 5 did not return saliva samples, 1 had oral aversion and did not tolerate the Sorbettes in his mouth, 1 sample did not contain enough saliva to analyze, and 1 sample was contaminated with steroid cream (mother's topical medication). Three cyanotic subjects did not return samples. The return rate of saliva samples from consented subjects was 29/40 (73 %): 16 acyanotic (9 male/7 female) and 13 cyanotic (8 male/5 female). Patient demographics and clinical characteristics are shown in Table 1 . The age at the time of sampling, weight percentile, and height percentile were similar between the two groups. The median Risk Adjustment for Congenital Heart Surgery (RACHS) score was 2 for both groups [22] .
Salivary cortisol (SalCort) levels are shown in Fig. 2 . The AM SalCort levels were similar between groups: acyanotic 7.0 nmol/L (1.8-23.1 nmol/L) compared to cyanotic 9.7 nmol/L (0.9-15.6 nmol/L); p = 0.68. The PM SalCort levels were also similar between groups: acyanotic 0.9 nmol/L (0.2-8.5 nmol/L) compared to cyanotic 1.4 nmol/L (0.5-14.9 nmol/L); p = 0.32. There were outliers and extreme values in both the acyanotic and cyanotic groups. SalCort levels considered to be outliers and extreme values did not correlate with the degree of hypoxia. In the cyanotic group, the extreme SalCort level of 14.9 nmol/L occurred in a subject with an SpO 2 of 86 %, and the SalCort level of 5.3 nmol/L was in a subject with an SpO 2 of 78 %. In the acyanotic group, the extreme value was observed in a subject with an SpO 2 of 98 %. Both cyanotic and acyanotic groups demonstrated higher AM SalCort compared to PM SalCort indicating an intact HPA axis circadian rhythm. The ratio of AM:PM salivary cortisol, an index of intact diurnal rhythmicity [23] , was not different between the groups: 5.0 (3.0-15.4) in the acyanotic group and 6.7 (1.2-9.8) in the cyanotic group (P = 0.64). Two acyanotic and four cyanotic subjects had an abnormal salivary cortisol diurnal rhythm (AM:PM ratio \ 2; P = 0.36). Pharmacologic therapies for study subjects at the time of sample collection are listed in Table 2 . More subjects in the cyanotic group were treated with ACE inhibitors (p = 0.03). Subjects in the cyanotic group tended to have congenital heart surgery more frequently (69 vs 38 %) prior to sampling, but this was not statistically significant (p = 0.13).
Discussion
We did not demonstrate a difference in salivary cortisol levels between subjects with cyanotic and acyanotic CHD. Values are presented in n (% of subjects taking medication) By 12 weeks of age, both groups demonstrated an AM salivary cortisol level that was appropriately higher than the PM salivary cortisol level, indicating that chronic hypoxia secondary to CHD did not affect the development of an intact circadian rhythm. Hospitalization and cardiac surgery can disrupt cortisol levels [24, 25] . Many subjects enrolled in our study underwent surgical repair or palliation prior to enrollment. In order to minimize the effect of hospitalization and surgery as a potential cause for disrupted salivary cortisol levels, we waited at least 3 weeks after the last surgical intervention before obtaining saliva samples. Santiago and colleagues demonstrated that healthy infants as young as 2 weeks of age develop a cortisol circadian rhythm; cortisol circadian rhythm emerged in the group as a whole at a mean age of 8 weeks [16] .
To our knowledge, this is the first study that evaluated salivary cortisol levels in infants with chronic hypoxia. Zayour et al. [15] placed newborn Sprague-Dawley rat pups in a normobaric hypoxic environment with oxygen levels maintained at 10 % for up to 8 weeks of age as a way to mimic cyanotic heart disease, and found that both 4 and 8 week old rats had increased corticosterone.
Our original hypothesis was that hypoxia would lead to a disrupted HPA axis and cause increased salivary cortisol levels, particularly in the evening at the circadian nadir. Infants with chronic hypoxia secondary to cyanotic CHD did not have a disrupted HPA axis as has been observed in animal models. Possibly, the degree of hypoxia observed in this cohort was not as severe as in animal studies. Raff and colleagues studied the interaction between graded acute hypoxia and corticosteroids in non-surgically stressed, pentobarbital-anesthetized, galamine-paralyzed ventilated dogs and found that only severe hypoxia (PaO 2 : 27 torr, SaO 2 : 55 %) produced a large increase in corticosteroids, and moderate hypoxia (PaO 2 : 38 torr, SaO 2 : 70 %) produced a small increase in corticosteroids [26] . This level of hypoxia has been observed in infants with cyanotic heart disease; however, their PaO 2 is most commonly reported between 40 and 50 mmHg [27, 28] .
An additional mechanism for the apparently normal HPA axis in our study cohort is potential acclimatization to hypoxia in infants with cyanotic CHD, similar to changes observed after acclimatization to high altitude hypoxia studied previously. Cortisol secretion rates were the same in high altitude natives when compared to men that lived at sea level [29] . Moncloa and colleagues measured cortisol secretion in 10 young adult males exposed to 4,300 meters (PaO 2 : 47; SaO 2 : 82 %) of altitude for 2 weeks. Cortisol levels were increased during the first few days of exposure to high altitude; however, by the 14th day, cortisol level returned to baseline levels [30] . Larsen and colleagues measured cortisol levels in 8 men who were taken from sea level to an altitude of 4,559 m above sea level. For this group of subjects, cortisol tended to increase in response to hypoxia (day 2), but after prolonged (day 7) hypoxia, cortisol concentrations were not different from sea level values [31] .
Limitations for our study included a small sample size, which may have contributed to the lack of a difference in salivary cortisol levels between the two groups. Depending on the assumptions made, a minimum of 60 patients (PM levels) would be needed to observe a statistically significant difference between groups.
We conclude that chronic hypoxia secondary to cyanotic CHD does not affect diurnal cortisol levels or the circadian rhythm of the HPA axis in 3-12-month-old infants. By 12 weeks of age, infants with hypoxia secondary to cyanotic CHD have a normal HPA axis diurnal rhythm.
